Introduction
A cell divides into two daughter cells through nuclear division and cytokinesis. In cytokinesis, formation of an actomyosin-based contraction ring separates the cytoplasm to two daughter cells (1, 2) . A small GTPase RhoA localizes in the cleavage furrow during cytokinesis and plays important roles in cytokinesis (3) . In Xenopus eggs, microinjection of a Rho specific inhibitor C3, an exoenzyme from Clostridium botulinum, prevents the progression of cytokinesis (4) . Other members of the Rho family of GTPases may also be involved in cytokinesis. A human cell line expressing a 4
In a search for molecules involved in macrophage differentiation, we identified a cDNA for Rac/Cdc42-specific GAP, whose anti-sense cDNA inhibited macrophage differentiation of mouse leukemic M1 cells induced by IL-6. Moreover its overexpression induced differentiation of human leukemic HL-60 cells into macrophage.
This Rac/Cdc42-specific GAP is a homologue of a previously identified RacGAP, MgcRacGAP (17) . However, our clone encoded an additional 106 amino acids at the Nterminus that has a myosin-like sequence (18) . In fact, the human counterpart we identified had a similar myosin-like domain, indicating that the previously reported cDNA for human MgcRacGAP encoded a protein with an N-terminal deletion.
Overexpression of MgcRacGAP retarded proliferation and induced formation of multinucleated cells in all cell lines examined. In addition, the highest expression level of MgcRacGAP mRNA was observed at the G2/M phase. These data prompted us to determine if MgcRacGAP regulates cell proliferation through the control of cytokinesis.
Immunohistochemical studies showed that MgcRacGAP co-localized with the mitotic spindle in metaphase, and was transferred to the midzone in anaphase and telophase, and moved to the midbody in cytokinesis. Analysis of deletion mutants of MgcRacGAP showed that overexpression of a myosin-like domain-deletion mutant or a GAP activitydefective mutant of MgcRacGAP halted cell division and led to form multinucleated cells. We also showed that MgcRacGAP associated with microtubules in vivo through the N-terminal myosin-like domain. These data indicated that MgcRacGAP plays key roles in the cell cycle machinery, especially in the G2/M phase, through binding to microtubules. 
Experimental procedures

Immunostaining
HeLa cells were plated on glass coverslips, and the next day the cells were washed three times with ice cold PBS and fixed with 4% paraformaldehyde/PBS for 20 min at room temperature. The cells were washed three times with ice-cold PBS followed by a 10 min incubation at room temperature in PBS containing 0.1% Nonidet P-40. The permeabilized cells were washed three times with ice cold PBS. The antibodies, anti mouse α-tubulin (SIGMA clone No. DM 1A), mouse anti-Flag (M2), and rabbit antiFlag (Zymed) were diluted in PBS containing 3% bovine serum albumin (BSA), placed as a drop on the coverslips, and incubated for 1 hour at 37°C. The coverslips were washed six times with PBS and covered with a solution containing FITC-conjugated goat anti-rabbit Ig (Wako), Rhodamine-conjugated goat anti-mouse Ig (SIGMA), and DAPI (4' 6-diamino-2-phenylindole) at 1µg/ml for 30 min. in the dark at 37°C. The coverslips were then washed six times with PBS. After the final wash, the coverslips were mounted with glycerin containing para-phenylenediamine (PPD) at 10mg/ml and viewed with a fluorescence microscope IX70 (Olympus) equipped with SenSys/OL cold CCD camera (Olympus) and IP-Lab software (Signal Analytics Co.).
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Immunoprecipitation from the cell lysates was performed as described previously (19) .
In brief, cells were washed three times with ice-cold PBS, and lysed in TCSD buffer (50mM Tris HCl pH 7.4, 1% CHAPS, 300mM NaCl, 1mM dithiothreitol (DTT), 10mM NaF, 1mM PMSF, 1µg/ml leupeptin, 1µg/ml aprotinin) on ice for 1 hour, with occasional shaking. The lysate was then centrifuged at 10,000g at 4°C for 1 hour. Equal aliquots of the supernatant fractions were incubated overnight with appropriate antibodies and Protein A-Sepharose CL4B beads (Amersham Pharmacia Biotech) at 4°C. After this incubation period, sepharose beads were washed five times with TCSD buffer. Proteins bound on the beads were released by boiling them in the SDS sample buffer (20) for 5 min, then loaded on a polyacrylamide gel for electrophoresis.
Synchronization of the cell cycle
Synchronization of the cell cycle was achieved by double thymidine block (21) with some modifications. In brief, HeLa cells in the exponential growth phase were exposed to 2.5 mM thymidine in DMEM/ 5 % FCS for 12 hours and then incubated in fresh medium for 12 hours. Cells were once again exposed to 2.5 mM thymidine for 12 hours, after which the block was released by replacing the medium with fresh DMEM/ 5 % FCS. Flow cytometry was performed for analysis of cell cycle as previously described. (22) 7
Expression constructs and retrovirus vectors
A Flag-tagged MgcRacGAP was cloned into EcoR Ι and Not Ι sites of a mammalian expression vector pME 18S (pME-MgcRacGAP) (23) . The deletion construct that defects the N-terminal myosin-like domain (∆Myo-MgcRacGAP) was generated by PCR with a 5' primer that contained an EcoR I site (5'-GAAAGAATTCCGAGAGATGCTCATGTGTGA-3'), and the 3' primer that is located downstream of the BstX I site in MgcRacGAP (5'-TTCACCAACAGCTTGGTACAT-3'). The resulting PCR fragment was digested with EcoR I and BstX I, and subcloned into pME-MgcRacGAP (pME-∆MyoMgcRacGAP). A mutant MgcRacGAP lacking the cystein rich domain (pME-∆CysMgcRacGAP) was generated by overlapping extension, using PCR. GTPase activating activity defective mutant (R386A*-MgcRacGAP) was generated by overlapping extension PCR mutagenesis. PCR was carried out using a high fidelity DNA polymerase Pyrobest (Takara). The PCR amplified sequence was confirmed by an automated sequencing using an ABI PRISM 310 Genetic analyzer (Perkin-Elmer).
A cDNA for MgcRacGAP was cloned into EcoR I -Not I sites of a retrovirus vector pMX-IRES-EGFP (24), upstream of IRES (internal rebosomal entry site) sequence so that both MgcRacGAP and EGFP were expressed from a single mRNA (pMX-
MgcRacGAP-IRES-EGFP).
Retrovirus-mediated gene transfer
High titer retroviruses were produced from pMX-MgcRacGAP-IRES-EGFP, using a transient retrovirus packaging cell line PLAT-E (25), as described previously (26) . We first established stable transfectants expressing the ecotropic viral receptor (27, 28) . 
MgcRacGAP co-localized with the mitotic spindle and midbody in M phase
To further examine the function of this protein during the cell cycle, rabbit polyclonal antibodies against a recombinant protein corresponding to the C-terminal half of MgcRacGAP was prepared, as described in Materials and Methods. This antibody specifically recoginized an 85kD protein (Fig. 3A) .
To observe the subcellular distribution of the endogenous MgcRacGAP, HeLa cells were fixed, and MgcRacGAP was immunostained using the antibodies. In interphase,
MgcRacGaP was mainly localized in the nucleus although no Rho family proteins have been reported to localize in the nucleus. MgcRacGAP was also detected in the cytoplasm as a reticular pattern, along with microtubules ( Fig. 3B, panel A) .
MgcRacGAP spread throughout the cytoplasm in prometaphase and accumulated in the mitotic spindle in metaphase (Fig. 3B , panel B to C). In anaphase and telophase, MgcRacGAP formed a distinct fine band extending across the midzone (Fig. 3B , panel D to E). As the cell progressed to cytokinesis, MgcRacGAP became more sharply concentrated in the midbody (Fig. 3B, panel F) . To exclude the possibility that the antibodies we used in this study crossreacted with some protein other than MgcRacGAP,
we introduced Flag-tagged MgcRacGAP, followed by immunodetection with an antibody against Flag (M2 monoclonal antibody). In this experiment, flag-tagged
MgcRacGAP was also detected in the midbody of dividing cells, thus confirming that anti-MgcRacGAP antibodies specifically recognize MgcRacGAP in immunostaining (Fig. 4) . R386A*MgcRacGAP with a GAP-inactivating mutation (Fig. 5A ). All of these mutants were Flag-tagged at the C-terminus, and were introduced into a mammalian expression vector pME 18S (23) . Expression of these mutant proteins was confirmed by transient expression in 293T cells, through lipofection. These mutant proteins as well as the wild type protein were expressed at similar levels in 293T cells (Fig. 5B ).
Expression of a myosin-like domain-defective mutant ( Myo
Next we co-transfected pME-EGFP with a vector harboring the wild type or each mutants of MgcRacGAP into HeLa cells. pME 18S (23) (Fig. 4) . These results demonstrated that the N-terminal myosin-like coiled-coil domain was indispensable for localization to the midbody during cytokinesis, and also indicated that completion of cytokinesis requires the GAP activity of MgcRacGAP.
MgcRacGAP associates with -, -, and -tubulin
Immunohistochemical studies suggested that MgcRacGAP associates with microtubules and plays important roles in cytokinesis. To determine whether
MgcRacGAP associates with microtubules in vivo, we performed coimmunoprecipitation using cell lysates from HeLa cells with the anti -MgcRacGAP antibodies followed by Western blotting with monoclonal antibodies against α-, β-, and γ-tubulins. As shown in Fig. 6A , all tubulin isoforms were co-precipitated with
MgcRacGAP from the cell lysates, indicating that MgcRacGAP associates with microtubules in vivo (Fig. 6A) .
To confirm the association between MgcRacGAP and α-, β-, and γ-tubulins, reciprocal immunoprecipitations were also performed. MgcRacGAP was detected in the precipitates of α-, β-, and γ-tubulins (Fig. 6B) . Immunohistochemical studies revealed that in interphase, MgcRacGAP localized in the nucleus and in the cytoplasm along with microtubules, then redistributed to the central spindle in anaphase and to the midbody in late telophase (Fig. 3B ). This distribution implied the possibility that MgcRacGAP interact with microtubules. In fact,
we found by co-immunoprecipitation experiments that MgcRacGAP was associated with α-and β-tubulin. Immunostaining showed that the N-terminal myosin-like domain of MgcRacGAP was required for its localization to the midbody of dividing cells (Fig.   5 ). Immunoprecipitation studies revealed that the myosin-like domain is responsible for its association with tubulin (Fig. 7) . The myosin-like domain of MgcRacGAP contains a RhoA is the target of CYK-4 GAP activity for cytokinesis. In fact, RhoA was reported to be essential for cytokinesis and to be localized to midbody (10, (39) (40) (41) . CYK-4
activates GTP hydrolysis not only by Rac1 and Cdc42 but also by RhoA, albeit to a weaker extent with a much slower time course. Toure et al. also showed that
MgcRacGAP had 30 times less GAP activity on Rho compared to Rac and Cdc42 (17) .
However, in contrast to these reports, we did not detect any GAP activity of MgcRacGAP on RhoA (18) . Thus, although our data showed that the GAP activity of MgcRacGAP is required for cytokinesis (Fig. 5B) , it is not clear at present which small G protein is a target of MgcRacGAP in the central spindle and the midbody. While in lower eukaryotes, a human homologue of Rac has been shown to be involved in cytokinesis (6, 42) . However, there is no report that implicated Rac in cytokinesis in mammals. Concerning Cdc42, expression of a constitutive active Cdc42 in a xenopus egg and a human cell line induced formation of multinucleated cells (5, 41) . These data indicated that Cdc42 is involved in cytokinesis. However, there is no data showing that Cdc42 localizes to the mitotic spindle or the midbody in mammals. Although further studies will be required to define the target of MgcRacGAP in the mitotic spindle, one possible explanation is that there is an unknown GTPase, which is involved in 
